1. Introduction {#s0005}
===============

The marine organisms account for 78% of the total biomasses[@bib1], [@bib2]. Marine species induce and accumulate amounts of compounds with special construction and physiology activity in this broad and unique environment. Due to the unique genetic background and metabolic pathways, mangrove endophytic fungi present a complicated structure and a variety of biological activity for its metabolites[@bib3]. Secalonic acid D (SAD) was a marine compound separated from the secondary metabolite of the mangrove endophytic fungus[@bib4]. Our prior research demonstrated that SAD induced leukemia cell apoptosis *via* GSK-3*β*/*β*-catenin/c-Myc pathway[@bib5] Furthermore, we also found that SAD exerted antitumor effect on MDR cells through decreasing the expression of ABCG2[@bib6]. However, the molecular mechanisms by which SAD overcomes MDR remain unclear.

Protein kinase and phosphatase signaling networks, like mitogen-activated protein kinases (MAPKs), may be considered as new targets for cancer therapy through regulating cell growth, apoptosis, and differentiation[@bib7] c-Jun N-terminal kinases (JNKs) are a set of MAPKs in response to various environmental stresses and cytokines. Several studies reported that JNKs regulate the expression of MDR-associated *ABCG2* and ATP-binding cassette subfamily B member 1 (*ABCB1*) genes[@bib8], [@bib9]. Hence, we speculated that SAD might affect JNK signaling pathway in MDR cells. The JNKs were shown to specifically bind to the N-terminal sites of c-Jun, an essential component of activating protein-1 (AP-1), which was located on 1p32-p31 involved in a high frequency of translocations and deletions in human cancers[@bib10]. It was reported that JNKs promoted the activity of c-Jun by phosphorylating it at serines 63 and 73[@bib11]. c-Jun was primarily reported as a proto-oncoprotein that regulates cell proliferation, apoptosis, and metastasis. However, it may also exert anti-oncogene effects in cancer. Karoline et al.[@bib12] showed that c-Jun prevented the silence of p16INK4a by depressing its methylation, which resulted in tumor suppression and cell cycle arrest. Meanwhile, the overexpression of c-Jun could induce apoptosis in B cell leukemia[@bib13].

In this study, we found that SAD triggered the apoptosis of cancer cells through JNK/c-Jun signaling pathway. Upregulating or downregulating c-Jun expression could promote or suppress apoptosis in both MDR cells and their parental cells. Importantly, SAD enhanced the JNK-dependent phosphorylation of c-Jun and increased the level of c-Jun in the cell nucleus. Meanwhile, we observed that the c-Jun protein was stabilized by SAD treatment which decreased its proteasomal-mediated degradation. In addition, our results further presented that the overexpression of c-Jun facilitated apoptosis through inhibiting Src/STAT3 signaling in MDR cells.

2. Materials and methods {#s0010}
========================

2.1. Chemicals and reagents {#s0015}
---------------------------

SAD with a purity of \>98% were isolated from metabolites of marine-derived mangrove endophytic fungus and dissolved in DMSO for use at indicated concentrations. GAPDH antibody was purchased from Kangchen Co. (Shanghai, China). Antibodies against c-Jun (\#9165), p-c-Jun (\#2361), JNK (\#9258), p-JNK (\#9251), HistoneH3 (\#11885), Src (\#2109), p-Src (\#2101), STAT3 (\#9139), p-STAT3 (\#9131) were purchased from Cell Signaling Technology (Boston, Massachusetts, USA). Cyclin B1, CDC2 and p-CDC2 (Tyr15) were purchased from Affinity Biosciences (USA). RT Kit was from Thermo Fisher Scientific Inc. (Waltham, MA, USA). MG132, 3-(4,5-dimethylthiazol-yl)-2,5-diphenyltetrazolium bromide (MTT) and other chemicals were purchased from Sigma Chemical Co. (Shanghai, China).

2.2. Cell lines and cell culture {#s0020}
--------------------------------

The human colon carcinoma cell line S1, non-small cell lung cancer cell line H460, breast cancer line MCF-7 and their corresponding mitoxantrone-selected derivative ABCG2-overexpressing cell lines S1-MI-80, H460/MX20, and breast cancer line MCF-7, doxorubicin selected cell line MCF-7/ADR, as well as human normal colon epithelial cells (NCM460) and human umbilical vein endothelial cells (HUVEC) were cultured in DMEM containing 10% fetal bovine serum, 100 U/mL streptomycin and 100 U/mL penicillin at 37 °C in 5% (*v*/*v*) CO~2~.

2.3. Cell cytotoxicity test {#s0025}
---------------------------

The MTT assay was used as previously described to examine cytotoxicity[@bib13]. Briefly, cells were incubated in 96-well plates at the appropriate density and allowed to attach overnight. Then different concentrations of SAD were added to the wells. After 72 h, MTT (5 mg/mL, 20 μL/well) was added to each well for an additional 4 h. Subsequently, the medium was removed, and DMSO (100 μL/well) was added to dissolve purple MTT-formazan crystals. Finally, absorbance was measured at 540 nm with 630 nm as a reference filter by Model 550 Microplate Reader (Bio-Rad, Hercules, CA, USA). Experiments were performed triplicate. The concentration required to inhibit cell growth by 50% (IC~50~) was calculated from survival curves using the Bliss method as previously reported[@bib14].

2.4. Western blot analysis {#s0030}
--------------------------

After indicated treatment as showed in the figures, different cells were harvested and washed twice with ice-cold PBS buffer. Then cell extracts were collected with cell lysis buffer (1×PBS, 0.1% SDS, 1% Nonidet P-40, 0.5% sodium deoxycholate, 100 mg/mL phenylmethylsulfonyl fluoride, 10 mg/mL leupeptin, 10 mg/mL aprotinin). Equal amounts of lysate protein from various treatments were resolved on sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gel and transferred to PVDF membrane (Pall, USA). After blocking with 5% fat-free milk, membranes were sequentially incubated with the primary and secondary antibodies. After washing three times with TBST buffer, the protein bands were visualized by the enhanced Phototope TM-HRP Detection Kit (Cell Signaling, USA) and at last exposed to Kodak medical X-ray processor (Carestream Health, USA).

2.5. Cell cycle analysis {#s0035}
------------------------

After S1 and S1-MI-80 cells were treated with the indicated concentrations, the cells were collected and washed twice with cold PBS. Then cells were fixed in 70% ice-cold ethanol overnight. After washing twice with PBS, 5×10^5^ cells were resuspended in 0.5 mL PBS containing RNase A (100 μg/mL) and PI (100 μg/mL) for 30 min at 37 °C in the dark. The DNA content of cells was then analyzed by flow cytometer (Becton Dickinson, USA).

2.6. Cell apoptosis analysis {#s0040}
----------------------------

After SAD treatments, S1 and S1-MI-80 cells were stained with annexin V and propidium iodide (PI) (BD Pharmingen) and assessed by using flow cytometry. After treated with SAD or transfected with c-Jun shRNA or scramble vector, cells were digested with trypsin (EDTA-free) from EDTA and washed twice in ice-cold phosphate-buffered saline (PBS). A total of 5×10^5^ cells were resuspended in 500 μL binding buffer, then 5 μL annexin V and 5 μL PI were added. After 15 min of incubation in the dark, cells were detected by flow cytometry. The apoptosis rate was calculated using Eq. [(1)](#eq0005){ref-type="disp-formula"}:$${The}{apoptosis}{rate}\left( \% \right) = \left( {{apoptotic}{cell}\text{population}/\text{total}{cell}{population}{observed}} \right) \times 100$$

2.7. Transfection of shRNA and plasmid DNA {#s0045}
------------------------------------------

The short hairpin RNA (shRNA) of c-Jun and its negative control were described as follow, the shRNA sequences of c-Jun were as follows: c-Jun shRNA (target sequence: 5′-GCAGCAGCAGCCGCCGCACCA-3′) and control shRNA (target sequence: 5′-CAACAAGATGAAGAGCACCAA-3′). Cells were cultured in a 6-well plate in a density of 3×10^5^ cells/well under media conditions. Then the cells were transfected with c-Jun shRNA or plasmid DNA in lipofectamine 2000 according to the manufacturer׳s instructions, the final concentration of c-Jun shRNA and the c-Jun plasmid was 4 μg/well. Cells were also transfected with lipofectamine 2000 containing control shRNA or scramble vector as a negative control. c-Jun shRNA and control shRNA lentiviral particles used to transfect S1 and S1-MI-80 cells were collected from viral packaging 293 T cells. The positive cells, transfected with c-Jun shRNA lentivirus, were sorted after puromycin (10 μg/mL) treatment.

2.8. Immunofluorescence analysis {#s0050}
--------------------------------

Cells were collected and washed using PBS for twice, then fixed in 4% paraformaldehyde for 10 min. The cells were subjected to permeabilization using 0.1% Triton X-100 in PBS for 10 min at room temperature. Then, the cells were incubated for 1 h in 2% bovine serum albumin in PBS before incubation with a rabbit polyclonal c-Jun primary antibody (H-79×; Santa Cruz Biotechnology) overnight at 4 °C. Next, cells were washed three times with PBS and incubated with a goat anti-rabbit fluorescein-conjugated secondary antibody (Millipore Merck Chemicon, Pittsburgh, PA) for 1 h. The cells were washed three times with PBS and stained with DAPI for 30 min. Finally, the cells were washed and stained with 4′,6-diamidino-2-phenylindole; coverslips were then mounted using VECTASHIELD. A Leica TCS SP5 confocal microscope system (Leica Microsystems GmbH, Wetzlar, Germany) was used to visualize the cells and obtain fluorescent images.

2.9. RNA extraction and reverse transcription-PCR {#s0055}
-------------------------------------------------

Total cellular RNA was isolated by Trizol Reagent (Invitrogen, China) according to manufacturer׳s instruction. The first strand cDNA was synthesized by Oligo dT primers. PCR primers were 5′-GTGACCGCGACTTTTCAAAGC-3′ (forward) and 5′-CGTTGCTGGACTGGATTATCAG-3′ (reverse) for c-Jun, and 5′-CTTTGGTATCGTGGAAGGA-3′ (forward) and 5′- CACCCTGTTGCTGTAGCC-3′ (reverse) for *GAPDH*, respectively. The PCR reactions were carried out at 94 °C for 2 min for initial denaturation, followed by 94 °C for 30 s, 58 °C for 30 s, and 72 °C for 1 min with the GeneAmp PCR system9700 (PE Applied Biosystems, USA). After 35 cycles of amplification, additional extensions were done at 72 °C for 10 min. Products were resolved and examined by 1.5% agarose gel electrophoresis. All procedures were carried out based on the instructions.

2.10. Real-time polymerase chain reaction (RT-PCR) {#s0060}
--------------------------------------------------

For first-strand cDNA synthesis, 5 μg of total RNA was reverse-transcripted by using GoScript^TM^ Reverse Transcription Kit (Promega). SYBR Green PCR Master Mix (Promega) labeling was used for 2-step quantitative real-time polymerase chain reaction (qRT-PCR).

2.11. Statistical analysis {#s0065}
--------------------------

Results were presented as means±SD. Statistical analysis was done by Student׳s *t*-test analysis. The significance was determined at *P* \< 0.05. All experiments were repeated at least three times.

3. Results {#s0070}
==========

3.1. SAD exerted potent cytotoxicity against sensitive and MDR cells {#s0075}
--------------------------------------------------------------------

MTT assay was used to detect the antitumor activity of SAD ([Fig. 1](#f0005){ref-type="fig"}A). The IC~50~ of SAD was 6.8 ± 1.7 μmol/L for S1 cells, 6.4 ± 1.1 μmol/L for S1-MI-80 cells, 5.3 ± 0.9 μmol/L for H460 cells, 4.9 ± 0.7 μmol/L for H460/MX20 cells, 5.1 ± 0.8 μmol/L for MCF-7 cells, 4.9 ± 1.1 μmol/L for MCF-7/ADR cells. After 72 h SAD treatment, we found that the proliferation of S1 and S1-MI-80 cells was inhibited in a concentration-dependent manner, as well as H460 and H460/MX20, MCF-7 and MCF-7/ADR cells ([Fig. 1](#f0005){ref-type="fig"}B, C and D). Comparing to the sensitive cells, SAD executed similar inhibition effects on the proliferation of MDR cells. We also examined in normal cell. The IC~50~ of SAD was 20.9 ± 6.1 μmol/L for NCM460 ([Fig. 1](#f0005){ref-type="fig"}E), and 14.9 ± 4.5 μmol/L for HUVEC ([Fig. 1](#f0005){ref-type="fig"}F). The results suggest that SAD is cytotoxic to both sensitive and MDR cells and hypotoxic to normal cells.Figure 1The structure and cytotoxic activity of secalonic acid D (SAD). (A) The chemical structure of SAD. (B)--(F) Cytotoxicity of SAD to S1 and S1-MI-80, H460 and H460/MX20, MCF-7 and MCF-7/ADR, NCM460 and HUVEC were determined by MTT assay as described in Methods. Each point represents the mean±standard deviations (SD) of three independent experiments performed in triplicate.Fig. 1

3.2. SAD induced G2/M phase arrest and apoptosis {#s0080}
------------------------------------------------

Previous study reported that SAD caused cell cycle arrest and programmed cell death in different kinds of human cells[@bib5], [@bib15]. We detected the cell cycle of S1 and S1-MI-80 cells after SAD treatment by and flow cytometry analysis. The results showed that the treatment of SAD induced an increased number of cells in G2/M phase ([Fig. 2](#f0010){ref-type="fig"}A). After treating with 4 μmol/L SAD for 12, 24, 48, and 72 h, the content of G2/M phase was elevated from 12.0±1.4% to 25.4±5.0%, 30.1±2.4%, 34.0±2.8%, 44.7±3.3% in S1 cells, and 13.5±1.0% to 20.1±1.8%, 26.8±2.3%, 34.2±2.0%, 36.4± 2.8% in S1-MI-80 cells, respectively ([Fig. 2](#f0010){ref-type="fig"}B). To further confirm the G2/M phase arrest induced by SAD, western blot analysis was used for detecting the expression of cyclin B1, p-CDC2, and CDC2. We found that the expression of cyclin B1 and CDC2 were significantly decreased in a time-dependent manner after SAD treatment, whereas the phosphorylation level of CDC2 was increased. As a result, the cyclin B1/CDC2 complex, a pivotal regulator of G2/M phase, was downregulated ([Fig. 2](#f0010){ref-type="fig"}C). To explore whether SAD could affect cancer cells apoptosis, annexin-V and PI double staining were used to distinguish apoptosis cells from the living cells. Then, the apoptotic rate of colon cancer cells S1 and S1-MI-80 was quantified by flow cytometry assay. After treating S1 cells and S1-MI-80 cells with 4 μmol/L SAD for 0, 24, 48 and 72 h, apoptotic rates were 2.3±0.4%, 4.4±1.2%, 10.7±1.5%, and 20.9±1.8% for S1 cells and 1.3±0.1%, 6.8±0.2%, 13.9±2.6%, and 19.7±0.3% for S1-MI-80 cells, respectively ([Fig. 2](#f0010){ref-type="fig"}D and E).Figure 2Effect of SAD on cell cycle and apoptosis. (A) The cell cycle analysis was determined by PI staining and flow cytometry cell quest software. S1 and S1-MI-80 cells were treated with 4 μmol/L SAD for 12, 24, 48, and 72 h, respectively. The content of G2/M phase was increased in a time-dependent pattern. (B) Histograms of cell cycle distribution in non-treated and treated S1 and S1-MI-80 cells. (C) S1 and S1-MI-80 cells were treated with SAD (4 μmol/L) for four different time points. Western blot analysis was used to detect the levels of CDC2, p-CDC2 and cyclin B1 protein after SAD treatment. (D) SAD-mediated cell apoptosis in S1 and S1-MI-80 cells were detected by flow cytometer. (E) Cells were incubated for 0, 24, 48 and 72 h in the presence or absence of SAD. The induction of cell apoptosis was detected by flow cytometry. ^\*^*P* \< 0.05, ^\*\*^*P* \< 0.01 and ^\*\*\*^*P* \< 0.001 *vs*. the control. Data were presented as mean±SD from triplicate experiments.Fig. 2

3.3. SAD targeted JNK/c-Jun pathway {#s0085}
-----------------------------------

It has been shown that JNK/c-Jun signaling pathway is related to MDR in colorectal cancer[@bib16]. JNKs are a serine/threonine kinase superfamily which is efficiently regulated by a series of external stimuli and increases the activity of c-Jun[@bib16]. In order to investigate the tumor-suppression mechanism of SAD, we studied whether SAD could activate JNK/c-Jun signaling. Western blot analysis showed that the total protein expression level and the phosphorylation level of both JNK and c-Jun significantly increased in a concentration-dependent manner after 48 h SAD treatment ([Fig. 3](#f0015){ref-type="fig"}A and B). These results indicate that JNK/c-Jun signaling is activated in SAD-treated S1 and S1-MI-80 cells.Figure 3Effect of SAD on c-Jun expression and transportation. (A) After S1 and S1-MI-80 cells were treated with 0, 1, 2, 4, and 8 μmol/L SAD for 48 h, upregulation of c-Jun and p-c-Jun protein were observed. (B) After S1 and S1-MI-80 cells were treated with indicated concentrations of SAD for 48 h, JNK and phosphorylated JNK were up-regulated. (C) S1 and S1-MI-80 cells were treated with 4 μmol/L SAD for 48 h, respectively. c-Jun protein was measured by laser confocal microscopy as described in Methods. (D) Histograms of c-Jun fluorescence intensity in non-treated and treated S1 and S1-MI-80 cells. Each value represents the mean ± standard deviation of three independent experiments. ^\*\*\*^*P* \< 0.001, compared to the control group. (E) S1 and S1-MI-80 cells were treated with 4 μmol/L SAD for 12, 24, 48 and 72 h, respectively. Cytoplasmic and nuclear extract were separated on SDS-PAGE. c-Jun protein was detected by Western Blot assay as described in Methods. GAPDH and Histone H3 were used as a loading control to indicate cytoplasmic or nuclear protein respectively.Fig. 3

3.4. SAD treatment increased the nuclear level of c-Jun {#s0090}
-------------------------------------------------------

It was shown that c-Jun function as a transcription factor when it was transferred into the nucleus[@bib15], [@bib17]. To study whether the nuclear level of c-Jun was increased, we used laser confocal microscopy to detect the location of c-Jun in S1 and S1-MI-80 cells. We found that after the treatment of SAD, c-Jun was upregulated compared with the negative control in the nucleus ([Fig. 3](#f0015){ref-type="fig"}C and D). Consistently with the discovery from immunofluorescence experiments, Western blot analysis also showed a time-dependent increase of nuclear c-Jun following SAD treatment ([Fig. 3](#f0015){ref-type="fig"}E). Meanwhile, the cytoplasmic level of c-Jun was also increased in a time-dependent manner ([Fig. 3](#f0015){ref-type="fig"}E).

3.5. SAD promoted apoptosis through c-Jun increase {#s0095}
--------------------------------------------------

To validate our hypothesis that SAD induces tumor cells death through c-Jun augmentation. S1 and S1-MI-80 cells were transiently transfected with 4 μg mock-vehicle, c-Jun plasmid or transfection reagents as vehicle control and treated with DMSO or SAD (4 μmol/L) over a 48-h time course. The protein level of c-Jun observed by Western blot was increased ([Fig. 4](#f0020){ref-type="fig"}A), and the apoptotic rate of cells was enhanced with c-Jun overexpression ([Fig. 4](#f0020){ref-type="fig"}B and D). Then, transfecting S1 and S1-MI-80 cells with a shRNA against c-Jun significantly downregulated the protein level of c-Jun ([Fig. 4](#f0020){ref-type="fig"}C). Flow cytometry assay showed that knocking down c-Jun could attenuate the effects of SAD on programmed cell death ([Fig. 4](#f0020){ref-type="fig"}B and D). These results indicate that the cytotoxic effect of SAD relates to the increase of c-Jun.Figure 4SAD stimulating cancer cells apoptosis by upregulation of c-Jun. (A) and (C) Western blot assay was used to detect c-Jun protein expression. (A) Transient transfection of c-Jun and pcDNA3.1 vector served as control was carried out in S1 and S1-MI-80 cells for 48 h. (C) Downregulation of c-Jun expression with stable transfection of their cognate shRNAs was confirmed with Western blot. (B) and (D) After 4 μmol/L SAD treatment, the apoptotic rate of cells was enhanced with c-Jun overexpression, while knockdown c-Jun with shRNA could attenuate SAD effects on programmed cell death.Fig. 4

3.6. SAD stabilized c-Jun protein by decreasing proteasome-dependent degradation {#s0100}
--------------------------------------------------------------------------------

As shown above, c-Jun protein was overexpressed in SAD-treated cells. Next, RT-PCR and qRT-PCR were used to detect the expression of c-Jun mRNA. However, these data showed that SAD did not up-regulate the mRNA level of c-Jun ([Fig. 5](#f0025){ref-type="fig"}A and B). To measure the effect of SAD on the stability of c-Jun protein, cycloheximide (CHX), an inhibitor of protein synthesis, was used to measure the half-life of c-Jun protein in cells treated with or without SAD. We found that SAD treatment completely attenuated the ability of CHX to decrease c-Jun expression, suggesting that the induction of c-Jun expression by SAD was due to inhibiting the degradation of c-Jun ([Fig. 5](#f0025){ref-type="fig"}C and D). To determine whether the SAD-mediated accumulation of c-Jun was generated *via* the proteasomal or lysosomal pathway, we used the proteasome inhibitor MG132 and the lysosomal inhibitor chloroquine combining with SAD in cells. Surprisingly, we found that both SAD and MG132 caused c-Jun and phosphor-c-Jun accumulation in the cells, but the same effect was not obtained with chloroquine ([Fig. 5](#f0025){ref-type="fig"}E). These results suggest that SAD enhances the protein level of c-Jun though inhibiting its degradation *via* proteasome pathway without interfering with its transcription.Figure 5SAD regulated the expression of c-Jun protein in post-translation levels. (A) and (B) The mRNA levels of c-Jun were determined by RT-PCR and Real-time quantitative PCR. The expression of GAPDH was used as a loading control. (C) S1 cells were pre-incubated with 20 μg/mL CHX for 2 h. Then, S1 cells were treated with or without 4 μmol/L SAD. At different time points, cells were harvested and detected by Western blotting. (D) and (E) MG132 and chloroquine were used as the specific inhibitors for proteasome and lysosome, the expression of c-Jun and phosphor-c-Jun were detected after SAD treatment with or without MG132 (10 μmol/L) and chloroquine (50 μmol/L) at least 6 h, GAPDH was used as a loading control. (F) and (G) The graph demonstrates relative intensity of c-Jun compared to the untreated control and normalized against the loading control. ^\*^*P* \< 0.05, ^\*\*^*P* \< 0.01, ^\*\*\*^*P* \< 0.001, N.S (non-significant) *vs*. the control. Data were presented as mean ± SD from triplicate experiments.Fig. 5

3.7. c-Jun/Src/STAT3 played a key role in SAD-triggered apoptosis {#s0105}
-----------------------------------------------------------------

The present results showed that SAD induced apoptosis in S1 and S1-MI-80 cells. Nevertheless, the underlying mechanism was not clear. We decided to analyze the potential mechanism involved in SAD-mediated apoptosis. As we described above, SAD activated JNK then subsequently phosphorylated and activated c-Jun which is a regulator of cell apoptosis. Abnormal activation of SRC and STAT3 is associated with the resistance of cancer cell apoptosis. Meanwhile, JNK signaling is correlated with the activity of SRC and STAT3.[@bib18] In this study, we found that both the phosphorylated and total protein of SRC and STAT3 were decreased after SAD treatment ([Fig. 6](#f0030){ref-type="fig"}A). S1 and S1-MI-80 cells were transfected with a mock-vehicle and c-Jun plasmid to determine whether the SAD-induced inhibition of SRC and STAT3 was associated with an activation of c-Jun. The phosphorylated and total protein levels of SRC and STAT3 were both attenuated after the overexpression of c-Jun, these results were consistent with the efficacy of SAD treatment ([Fig. 6](#f0030){ref-type="fig"}B). Taken together, these results suggest that SAD induces MDR cells apoptosis through the c-Jun/SRC/STAT3 cascade.Figure 6SAD regulated apoptosis through c-Jun/SRC/STAT3. (A) Western blot showed the protein levels of SRC and STAT3 in SAD mediated S1 and S1-MI-80 cells. (B) Overexpression of c-Jun decreased SRC and STAT3 expression as the similar effect of SAD. GAPDH was used as loading control.Fig. 6

4. Discussion {#s0110}
=============

The researches on marine drugs initiated in the late 1970s[@bib19]. Bioactive materials producing by marine organisms were demonstrated to have antitumor, anti-inflammatory, and antioxidant activities[@bib20]. It is reported that marine-derived extracts and compounds can trigger the apoptotic death of cancer cells by inducing ROS generation[@bib21]. In recent decades, a large number of marine compounds were found out to reverse MDR. Previous researches showed that SAD possessed anticancer properties, such as pro-apoptotic, anti-proliferative and anti-angiogenic effects[@bib22], and downregulated the expression of ABCG2 to decrease the percentage of side population (SP) cells[@bib6]. It was clarified that the mechanisms of MDR included the dysregulation of cell apoptosis, autophagy, the disorder of drug metabolism and drug targets[@bib23]. To date, the mechanisms of the anticancer effect of SAD have not been fully studied. In this study, we showed that SAD reduced the proliferation of both MDR and their parental cancer cells and induced apoptosis by the activation of JNK/c-Jun signaling pathway and the subsequent inhibition of Src/STAT3 signaling.

Our prior research demonstrates that SAD induces leukemia cell apoptosis and cell cycle arrest through GSK-3*β*/*β*-catenin/c-Myc pathway[@bib5]. In this study, we detected that SAD promoted G2/M phase arrest ([Fig. 2](#f0010){ref-type="fig"}A and B) and induced apoptosis in MDR cells ([Fig. 2](#f0010){ref-type="fig"}D and E). The G2/M phase arrest caused by SAD was due to the accumulation of phospho-CDC2 and the decrease of cyclin B1 ([Fig. 2](#f0010){ref-type="fig"}C). The cyclin B1/CDC2 complex is required for the progression of G2/M phase. The activation and dephosphorylation of CDC2 at Tyr15 is regulated by CDC25C, which is a critical regulator during G2/M transition[@bib24]. SAD attenuated the expression of CDC2 and cyclin B1, and simultaneously it inactivated CDC2 through phosphorylating CDC2, resulting in the decreased formation of cyclin B1/CDC2 complex. We thought that these effects were associated with activating JNK signaling pathways which were related to G2/M phase arrest[@bib25], [@bib26]. In this study, we showed that SAD executed cytotoxicity in three pairs of MDR and their parental sensitive cells. Therefore, SAD might be a novel agent for cancer treatment and even overcome drug resistance.

Previous studies revealed that the JNK signaling cascade was involved in the function of anticancer in ABCG2-overexpression MDR cells, and the activation of JNK signaling was accompanied by the phosphorylation of c-Jun[@bib27], [@bib28]. As we know that JNK proteins form both homo- and heterodimers to influence the molecular functions of AP-1, including controlling cell cycle, proliferation, apoptosis, metastasis and even multidrug resistance. Herein, we suspected that SAD might be a promising antitumor compound *via* activation of JNK/c-Jun pathway. In this research, we discovered that SAD obviously increased the total and the phosphorylation level of JNK protein, as well as the phosphorylation level of c-Jun protein at serine-63 ([Fig. 3](#f0015){ref-type="fig"}A and B). These results are consistent with previous studies, which indicate that the phosphorylation at serine-63 in the NH~2~-terminal transactivation domain of c-Jun by JNK is necessary to the activation of endogenous c-Jun[@bib29], [@bib30]. As a transcription factor, c-Jun has to transfer into the cell nucleus to conduct functions[@bib15], [@bib17]. We confirmed that SAD activated c-Jun and promoted its translation from cytoplasm to nucleus in S1 and S1-MI-80 cells ([Fig. 3](#f0015){ref-type="fig"}C, D and E). Furthermore, we showed that SAD increased the protein level of c-Jun with its mRNA expression unchanged ([Fig. 5](#f0025){ref-type="fig"}A--C). It was reported that the phosphorylation of c-Jun by JNK not only resisted multi-ubiquitination but also stabilized c-Jun protein, and consequently caused the accumulation of c-Jun protein[@bib31]. It was reported that c-Jun formed a complex with activated C-kinase 1 (Rack1) and ubiquitin ligase Fbw7, then c-Jun could be released from the complex and escaped from degradation by proteasome system[@bib32], [@bib33]. In this study, we also found that c-Jun was upregulated by the inhibition of the proteasome pathway but not lysosomal pathway ([Fig. 5](#f0025){ref-type="fig"}D and E). Further studies are needed to reveal the molecular mechanism of the degradation of c-Jun *via* proteasome way after SAD treatment.

Notably, c-Jun is responsible to the programmed cell death of cancer cells. We propose that SAD might regulate apoptosis through stimulating c-Jun expression. We observed that the upregulation of c-Jun enhanced apoptosis in MDR cells, and the stable knockdown of c-Jun reversed these effects of SAD ([Fig. 4](#f0020){ref-type="fig"}B and D). Next, we continued to investigate the mechanism of SAD-induced apoptosis. SRC/STAT3 activation potentiates both proliferative and anti-apoptotic signaling and even is associated with chemoresistance[@bib34]. In our study, we found that not only the total protein and phosphorylation levels of c-Jun but also SRC and STAT3 were changed following SAD exposure, which suggested that c-Jun is related with both Src and STAT3 ([Fig. 6](#f0030){ref-type="fig"}A). It was consistent with the finding that JNK signaling could not induce the activation of STAT3 in the absence of SRC[@bib35]. Meanwhile, Marco and his colleagues[@bib36] demonstrated that suppressing JAK/STAT led to the non-autonomous expansion of JNK, which could promote excessive cell apoptosis and tissue damage. We used overexpression plasmid of c-Jun to transfect colon cancer cells, the total and phosphorylation protein levels of SRC and STAT3 were found to be weakened ([Fig. 6](#f0030){ref-type="fig"}B). Hence, our results supported that the downregulation of SRC and STAT3 were caused by c-Jun activity, but whether the reduced expression of STAT3 may cause further elevation of c-Jun needs to be further study. However, the specific mechanism of how c-Jun regulates SRC/STAT3 signaling to promote S1 and S1-MI-80 cells apoptosis needs further investigation. In addition, some reports provided informative evidence for the cellular apoptosis induced by c-Jun. For instance, the upregulation of c-Jun promoted the transcription of *FasL* which subsequently caused Fas/FasL-mediated apoptosis[@bib37]; the activation of c-Jun contributed to the intrinsic proapoptotic mechanism by upregulating apoptosis-related proteins, such as BIM[@bib38] and caspase-3[@bib39].

In summary, we provided insight into the possible mechanisms of the SAD-induced G2/M phase arrest in MDR and their parental sensitive cells. Our results further indicate that c-Jun facilitates apoptosis through inhibiting JNK/c-Jun/SRC/STAT3 signaling. Meanwhile, the protein level of c-Jun was elevated by resisting from the proteasomal-mediated degradation after SAD treatment. These findings suggest that SAD which functions as a positive regulator of c-Jun may be a potential compound of acquiring therapeutic effects in MDR cells and deserve further study in the future.
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